INTRODUCTION
Precise finger force modulation can be considered a critical factor in everyday activities such as handwriting, typing, tying shoelaces or grasping/holding a glass of water. In order to achieve such manipulative tasks, the central nervous system (CNS) needs to control and coordinate the infinite number of available individual digit-tip contact forces and torques. For example, in keyboard typing, the hand has countless solutions for each individual finger movement and infinite possibilities for combinations among the digits. To type a particular word on the keyboard, the CNS must find a solution to this inherent redundancy in the motor system, 1, 2 for both individual finger actions and as well as synergic interactions among the fingers. [3] [4] [5] [6] [7] Children with developmental coordination disorder (DCD) have been reported to have deficits in manipulative skills which affect their performance in daily and school activities. 8, 9 Previous studies have shown that children with DCD compared with their typically developing (TD) peers have difficulties in controlling finger force pulses, [10] [11] [12] have excessive grip force generation, 13, 14 and greater variability in finger forces during pinching tasks. 15 We have previously investigated finger strength in children with DCD and their ability to control digit force/torque. 16 We used three tasks with increasingly greater kinetic redundancies (index pressing, thumb-index pinching and thumb-index pinching torque) to
METHODS

Participants
Five children (4 boys and 1 girl) age 9-10 years (mean = 9.6 years; SD = 1.13 months) diagnosed with DCD and five typically developing (4 boys and 1 girl) age-matched children (mean = 10.4 years; SD = .67 months) participated in this study. The diagnosis of DCD was based on a combination of the Movement Assessment Battery for Children (MABC -1 st edition), the Woodcook-Johnson Revised Cognitive Ability Early Development Scale, and a pediatrician's neurodevelopmental examination including the Physical Neurological Examination for Soft Signs (PANESS). Inclusion criteria were a MABC score at or below the 5th percentile, normal cognitive ability, and an independent DCD diagnosis from the pediatrician's evaluation. Children were recruited through referrals from physicians, therapists, education specialists, website, and local advertisements. Typically developing children had no known learning disabilities, were performing in school at grade level, and had MABC scores at or above 25th percentile. All Participants were righthanded (Edinburgh Handedness Inventory > 90%). The right-hand length was measured from the middle finger tip to the lunate of the wrist. The width was measured between the metacarpophalangeal joints of the index and little finger. A parent or legal guardian of each child gave his/her informed consent based on the procedures approved by the University of Maryland's Internal Review Board (IRB). A summary of the Participants scores on the MABC and anthropometrics are presented in Table 1 . 
Apparatus
To measure force applied by the fingers, four sensors (one for each finger 2 nd -5 th digits) with amplifiers (Models 208 M182 and 484B, Piezotronics, Inc.) were used. The sensors were attached on a customized aluminum structure with four slits adjustable according to the hand and finger sizes of the Participants. For detailed description and illustration of the experimental set-up see 
Procedures
During the experiment, the children sat on a chair facing the computer screen with their shoulders abducted 35 o in the frontal plane and elbows flexed 45 o in the sagittal plane. Their forearms rested in a customized wrist-forearm brace consisting of a piece of foam attached to a semi-circular plastic cylinder fixed to a wooden panel (29.8 x 8.8 x 3.6 cm). Velcro straps were used to reduce forearm and wrist movements.
The children were asked to place each of their distal phalanges in a thimble such that all joints were slightly flexed and formed a dome shape with the hand. The children performed two isometric tasks: maximum voluntary force production (MVF) and visual force control (VFC). In the MVF task the children performed a total of seven conditions: four with a single-finger [Index (I), Middle (M), Ring (R), and Little (L)] and three with multiple fingers (IM, IMR and IMRL). One trial was performed in each condition. During each trial, all fingers were on the thimbles and the children were asked to produce maximum isometric force in flexion over a 3-s interval. The children were instructed to concentrate on the task finger and not on the non-task fingers. At the beginning of each trial, the computer generated a 'get ready' sound and force feedback of the task finger(s) was graphically displayed on the computer screen.
In the VFC task, the children performed an isometric, constant and continuous force at 20% of his/her maximum force as measured in the MVF task/condition. The children performed a total of four conditions: one for single-finger [Index (I)] and three for multi-finger (IM, IMR and IMRL). A computer screen showed the required force template (dashed and straight line) corresponding to 20% of the total force (MVF) produced by the child for each finger condition, and the moving cursor which represented the real-time force they were producing. At the start of each trial, the computer generated a voice saying 'get ready' and the Participants were asked to control their finger forces moving the cursor throughout the target force template over 10 s (Figure 1 ). Twelve trials of the VFC task were collected, for each finger condition (I, IM, IMR, IMRL) with 30-s rest between trials and five minutes rest between the conditions. The order of the conditions (I, M, R, L, IM, IMR, IMRL) in both tasks (MVF and VFC) was randomized and balanced across participants.
Data Analysis
For each trial of the MVF task, the force data were all digitally low-pass filtered with a 2 nd -order, zero-lag Butterworth filter a 25 Hz cutoff frequency. 26, 27 The instantaneous peak force produced by each finger was measured at the time of maximum force. From these data, the measures of maximum voluntary force (MVF), force enslaving (FE) and force sharing (FS) were calculated. MVF was defined as the maximum force produced by the task finger(s). FE, an index of finger inter-dependency, was calculated as the average of the non-task finger forces. These values were averaged across all fingers F represents the averaged, normalized force of non-task fingers for the same trial. FE for each finger represents the averaged percentage force of non-task fingers for the same trial with respect to the task finger MVF. 20 FS of each finger was calculated as the percentage contribution of each finger force to the sum of the finger forces during the four-finger task.
The first trial (in each condition) of the VFC task served as a familiarization trial and was not included in the analyses. For each trial, the time series data analyses were analyzed and the following four performance variables were extracted. (a) Rate of force increasing (Newton/second) was calculated from the start point of the VFC task to the time that the subject's reached the target. (b) Initial force overshoot was computed as an initial performance error of the VFC task. The initial overshoot was defined by the percent value exceeding the 20% of MVF target force level. 29 (c) Intra-trial force variability was measured by the coefficient of variation (CV = standard deviation/mean) and considered as a performance error based upon the mean force applied by each subject. (d) Intra-trial accuracy was measured by the root mean square error (RMSe) calculated as a performance error based upon the target force (20% of the MVF) of each subject. The time series of VFC trial lasted 15 seconds and is depicted in Figure 1 . The trial's start point (T1) was defined based on the average amount of the data at the baseline plus three times the standard deviation of the baseline. Rate of force increasing was calculated from the start point (T1) to the target (T2). Initial overshoot was computed from the target to first maximum peak value recorded beyond the target force level (point T3). CV and RMSe were computed during the constant isometric force control phase, which was defined as five seconds after the first time that the subject crosses the target (T2), between T4 and T5 in the Figure 1 . The four initial seconds of the constant phase of the task (T2 to T4) were removed to exclude the initial period of force adjustment to the visual feedback. 
RESULTS
Maximum voluntary force production tasks (MVF)
MVF values showed no significant differences between children with DCD and typically developing children for all finger conditions (I, M, R, L, IM, IMR, IMRL). For a single-finger condition, the index and middle fingers showed relatively large values of MVF while the ring and little fingers showed smaller values ( Figure 2 ). As expected, MVF values became larger as the number of the fingers increased (I<IM<IMR<IMRL). These results were supported by repeated-measures ANOVA for FINGERS, which showed main effect for the factor FINGERS [F(3,24)=90.6, p<.001]. The post-hoc analyses showed differences among all finger conditions (p<.001). No GROUP effect or interaction between factors was found. While the participants were performing the single-finger MVF production tasks (I, M, R, L), significant level of force with the uninstructed (non-task) finger forces were also recorded. The forces applied by the non-task finger forces were quantified as a normalized value of its own maximum force (Eq.1) and it was considered as an index of finger independency (FE) such that a lower FE represents greater finger independence. Over all fingers, children with DCD showed larger FE as compared with TD children (Figure 3a) . In both groups, the ring and little fingers showed larger FE as compared to index and middle fingers (Figure 3b) . These results were supported by the repeated-measures ANOVA which showed significant effects of GROUP [F (1, 8) During the four-finger tasks (IMRL), the participants were asked to produce forces with all four fingers. FS of individual finger forces was calculated as the percentage of each finger force with respect to the total of the four-finger force. FS values showed no significant differences between groups. Overall, the FS of the little finger during the fourfinger task was smaller (13%) compared to the index (32%), middle (32%) and ring (21%). These findings were supported by the repeated measures ANOVA which showed main 
Visual force control task (VFC)
There was a noticeable difference between children with DCD as compared with TD children on the VFC task profiles (Figure 4) . In order to characterize the children's performance during the VFC tasks the slope-line (force applied by the subject towards the target) was first examined. In general, children with DCD were slower and tended to overshoot the task target. Secondly, the constant-line (force constant and continuously applied by the participants to sustain at the target) was analyzed. Performance errors variables were computed to account for the children's visual force control. As observable in the Figure 4 , children with DCD were more variable, demonstrating greater overshoot at the start of the trial, and less accuracy in staying at 20% of their maximum compared to TD children. The children's rate of force, as the cursor moved to the 20% target was computed. Children with DCD were significantly slower than TD children. The comparison among the fingers condition indicated that as the number of fingers were added, both groups tended to increase the rate of force (Figure 5a ). These results were confirmed by the repeated measure ANOVA which revealed a main effect for the factors GROUP [F (1,8) No interaction between factors was found. Post hoc tests showed that the rate of force was larger for IMRL as compared with all the others finger conditions (p<.001).
As an initial performance error, we measured the excessive force applied by the subject when they first try to reach the targeted force (20% of the MVF). As shown in Figure 5b , the initial force overshoot values were larger in children with DCD as compared to TD children. Both groups showed greater initial force overshoot during the four-finger (IMRL) condition as compared with the others fingers conditions. These findings were supported by the repeated measures ANOVA, which revealed a significant main effect for GROUPS [F (1,8) In the VFC task, the children were asked to sustain their finger forces at 20% of their MVF. The mean values for the VFC task did not differ for the two groups [DCD (19.6%) and TD (19.95) or among the four finger conditions [I (19.6%), IM (19.5%), IMR (19.5%), IMRL (19.6%). These results were supported by the repeated measures ANOVA that showed no main effect for the factors GROUP and FINGERS. Such similarities between group and finger conditions indicate that all participants were able to achieve the task goal (i.e., continuously maintaining the isometric finger forces, on average, around 20% of the MVF) across all finger conditions. However, the VFC task did reveal group differences on CV and RMSe values. Children with DCD showed greater CV compared to TD children during the constant phase. There were no differences among the fingers (Figure 6a The standard deviation of the mean values of the VFC tasks across the twelve consecutive trials performed by each subject was computed in order to characterize intertrial variability (performance consistency). The regression analyses did not show a significant relationship between the children's trials' performance for any finger force condition (I, IM, IMR, IMRL; p>.05). However, on average, children with DCD were significantly more variable (less consistent) across the twelve trials as compared to TD children ( Figure 7 ). No differences among the finger conditions were found. This result was supported by the repeated measures ANOVA which showed main GROUP effect [F(1,8)=26.7, p<.001], no FINGER effect and no interaction. 
DISCUSSION
This study investigated finger independency during single-finger and multi-finger maximum voluntary force production tasks in children with DCD and those who are typically developing. In addition, we examined the effects of kinetic redundancy in a visual force control task. Overall, children with DCD showed similar capability as their TD cohorts for maximum finger force production, but revealed impairments in finger independency and visual force control. The individual fingers contributed differently to the total force during the four-finger task, however, these proportions were similar between children with DCD and TD children. During the visual force task, children with DCD, in general, presented greater performances errors and less consistency as compared to the TD children. No performances differences between children with DCD and TD children were found when the number of kinetic redundancies was manipulated.
Maximum force production and finger interaction indices
The similarity in maximum finger force production between children with DCD and TD children found in this study complements our previous findings 16 and confirms our first hypothesis that finger strength is similar between children with DCD and TD children. The MVF values found in both groups correspond to those reported by earlier studies in TD children in 9-to 10-year-olds. 20, 23 It has been reported, for example, that the index finger MVF value in children at a similar age-band is about 21.7±3.9 N 23 and 24.7±4.8 N. 20 In the current study, corresponding values were also found for the index MVF production in both groups (DCD= 23. 
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values, the maximum force values of the others fingers (M, R and L) were also similar to those previously reported. 20 Even though everyday manipulative skills do not often require levels maximum of finger force production, these findings question the hypothesis that muscle weakness is a major problem for children with DCD, as well as confirms the premise that the difficulties in multi-digit dexterity, regularly observed in children with DCD, is not necessarily related to the magnitude of force itself. Secondly, we hypothesized that impairment in everyday manipulative tasks in children with DCD may partially result from a lower level of finger independency than their TD age cohorts. The results of the current study showed higher finger enslaving index (FE) in children with DCD as compared with their TD peers, confirming our hypothesis that they would have lower finger independency. Previous studies have suggested that finger independency is critical in everyday manipulation tasks. 21, 22, 28, 30 This is the first study to investigate finger independency in children with DCD so there are no comparison data available. The only equivalent result is the FE values for our TD children (24%) which were very close to the FE value (26%) averaged across the 10-year-old children reported in our earlier developmental study. 20 FE is an established index of finger independency and its values are inversely proportional to the concept of dependency. A greater level of FE is synonymous with larger finger inter-dependency, which means lower level of independency. Finger independency is critical to finger movement control. 5, 18, 20 In order to control a particular finger, the CNS needs to send supplementary commands to the nonintended finger muscles so as not to cause unintended forces during the action. Finger dependency has been explained as influenced by central and peripheral factors. Central factors include the overlapping digit representation in the hand area of the primary motor cortex (M1), 19 as well as the output divergence from the neurons in the primary motor cortex to innervate the spinal motor neuron pools of different finger muscles. 5 Peripheral factors consist of biomechanical inter-connections of the soft tissues such as interconnections of the finger tendons, and the insertion of one muscle (ex. Flexor digitorum profundus) to multiple fingers. 31, 32 Since it has been shown that finger independency increases with age, 20 the smaller level of finger independency found in children with DCD could reflect differences or delays in the development of such peripheral and/or central factors.
While finger independency increases with age the proportional contribution of the individual fingers to the overall force created by the fingers, force sharing (FS), remains constant from the age of six years onwards. 20 As we hypothesized, there were no differences in the finger FS patterns between the children with DCD and TD children. The current results showed that when performing the four-finger MVF task, children with DCD (I: 37%, M: 28%, R: 20%, L: 15%) demonstrate similar interaction among the fingers as compared with their TD peers (I: 35%, M: 26%, R: 24%, L: 15%). The results of both groups are very similar to the FS values (I: 30%, M: 33%, R: 22%, L: 15%) reported by previous studies on children, 20 as well as those FS values (I: 30%, M: 30%, R: 25%, L: 15%) reported for adults. 22 The present findings for children with DCD lend further support to our earlier speculation that FS as an inherent property of the hand's neuromuscular system or to the possibility that this attribute develops before the age of six. 20 
Visual force control performance
The VFC results of the initial slope of the cursor to meet the 20% target showed that children with DCD moved the force cursor slower (3.03 N/s) than TD children. Both groups responded to the VFC task moving the force cursor beyond the target (i.e., overshooting). However, our results showed that over all tasks, children with DCD showed greater overshooting (2.4% ± 1.4) as compared with TD children (0.9% ± 0.5). The slower movement and increased force overshooting observed in children with DCD suggest difficulty in using a feedforward strategy for predicting the level of the force required by the task. Children with DCD, like young children, rely predominantly upon visual feedback for their visual motor control rather than using integrated feedback and feedforward processing. 23, 33 Developmental studies have shown that as children increase in age they use more effectively a feedforward strategy to predict the target and to control when to stop the force acceleration. 23, 29, 34, 35 It has been reported that children around five years of age are able to decrease dramatically their initial force overshoot and tend to undershoot the signal in a similar way to adult's performance, 35 The overshoot values found in the current study, for both groups were significantly larger from those previously reported in younger children (5 years old = 0.3%). 29 Such disparity may be explained by the differences in the experimental tasks. Potter et al., 29 similarly to many other developmental studies 16, 23, [34] [35] [36] [37] [38] [39] [40] have asked younger children to press the sensor (thumb/index pinching movements) in order to move the force cursor/line vertically to the target. In these studies, the visual force relationship is familiar and spatially compatible (the harder they pressed the sensors, the higher the cursor moved on the monitor) to the many tasks in everyday activities. By the age of five, children may well have had enough experience with this type of visual force relationship in the "real world". Observing baby toys and computer games, for example, when children push the keys (wrist/fingers flexion) they usually make objects or characters on the screen move/jump up vertically. In our study, we provided an isodirectional task (the sensor was activated by isometric finger flexion downward and the cursor also moved downward on the monitor). Thus, in our study, the visual force relationship was incompatible (the harder they pushed the sensor, the more negatively/downwards the cursor moved to the target level). In future studies, we suggest that the visual force compatibility be systematically manipulated in order to evaluate the effects on finger force estimation including overshooting.
We also evaluated performance errors during the constant force control phase. Force variability (CV) and accuracy (RMSe) were computed to measure the ability of children with DCD to adjust their finger forces to match the required visually-presented level of force displayed on the monitor. In the present study, all children were able to complete the task, however, the children with DCD showed larger finger force variability and less accuracy as compared to the TD children. Even though greater variability and lower accuracy is a main findings from previous studies on finger force control in children with DCD, [10] [11] [12] [13] [14] [15] [16] the results of our current study are the only findings to probe how children with DCD use continuous visual information to regulate their force performance. In previous studies, the visual feedback provided to the children was related to the instant peak force pulses [10] [11] [12] or to a discrepancy between two horizontal lines displayed on the screen. 16 In these studies, children had no access to the real time and history of the visual tracing of the performance during the finger force task. Indeed, in the previous studies, "memory" may have played an indirect role in the task performance. In our current study, we explored a continuous visual force task. Similarly to Lazarus et al. (1995) , we asked the children to sustain their finger forces on the line while the cursor traveled across the screen (by pressing the force sensors). The crucial difference between our current study and the previous ones is that in our VFC task, the children's performance and error corrections were based on a visual feedback that provided a time line of their force performance throughout the trial. We intentionally used this type of task in order to provide more visual feedback to the children. Developmental studies have shown that force variability decreases across age due primarily to the increasing ability to use visual feedback 36, 37 and feedforward strategies 39 efficiently. By providing visual feedback continuously and with a history of the cursor movements, we decreased the memory component of the task or possibly the importance of an internal representation or estimation of 20% force. Evidence that this feedback presentation made a difference can be found in the difference between the CV values found in our TD children's group (2.4%) and those previously reported in TD children (~5%) at the same age band, 23 where the participants were asked to match and keep the cursor as steadily as possible over the position of the target.
Motor redundancy has been considered a "problem" to be solved by the CNS in order to control movements 1, 2 and has been extensively explored in human finger force control. 3, 5, 7, 26, [41] [42] [43] [44] Based on this literature and on our previous findings, 16 we hypothesized that the performance errors during the VFC task would be greater, in both groups when the number of fingers employed in the task increased. We expected that the finger-force output would be adversely affected by the increased degrees of freedom that need to be controlled by the CNS. At the kinetic level, the index (I) finger pressing condition has one variable; index normal force [ 
where press const F is the target constant force for the index finger pressing. Thus with one finger, there is no kinetic redundancy in the system. With similar joint configurations, the following finger conditions (IM, IMR, and IMRL) have consecutively two, three and four variables and the same constraint (the target of constant force), creating an increased number of kinetic redundancy. Unexpectedly, the results of this study did not show effects of kinetic redundancy in the finger force control in either group. Paradoxically, as more fingers were added to the same motor task, the performance error (RMSe) tended to decrease in children with DCD while TD children showed similar performance errors across all the finger conditions (~ 3%). We interpret these results to mean that the typically developing 10-year-old may have developed the ability to synergically solve the problem of reducing the number of joint/muscle-level degrees of freedom in order to achieve a common motor task. On the other hand, children with DCD have not solved the problem. For example, with the one finger (I), the RMSe for children with DCD was almost three times greater than their TD cohorts (8.5% compared to 2.9% for TD, or a difference of 5.6%). But using multiple fingers (IMRL), decreased this difference (5.6% compared to 2.9% or a difference of 2.7%). One possible explanation for this result may be that children with DCD benefited from increased sensory information (tactile and proprioceptive) available in the IMRL task. In fact, using more fingers increased the contact surface area between the fingers and the force sensors as well as the number of joints and muscles actively involved in the task. The results for the children with DCD raise an important question about the contrasting effects of motor redundancy and motor-sensory abundance. Clearly for the children with DCD the motor-sensory abundance (increased tactile and proprioceptive information) improved their performance and may offer an important insight into underlying mechanisms of DCD. Future studies are needed to confirm this speculation. Although learning and/or adaptation were not a focus of this current study, the children had performed twelve consecutive trials within a condition. We, therefore, used a regression analysis to check for the effect of trial repetition. We expected that over twelve trials, a certain level of improvement in the task would be seen in both groups. The results showed no effect of practice in either group for all finger conditions. We also examined inter-trial variability and found that children with DCD as compared with their TD peers were significantly less consistent over the trials. This finding indicates an absence of a constant visual force control strategy used by children with DCD over twelve trials of procedural practice.
CONCLUSION
This study aimed to investigate finger independency and visual force control in children with DCD. Our results from the MVF and VFC tasks allowed us to detect that children with DCD as compared with TD children may (a) produce similar levels of maximum finger force; (b) present less finger independency; (c) have similar finger-force sharing patterns; (d) show larger performance errors, and (e) lower inter-trial consistency. Although these preliminary findings cannot be generalized due to the small sample size, we believe that our methodological approach yield a reasonable amount of data and therefore provide reliable measurement of motor function in the individuals studied. Based on our results, we speculate that the impairments in manipulative skills in children with DCD may not related to their strength capability but possibly to their increased level of inter-finger dependency. Although the small group of examined children were able to visually control their force finger at 20% of their MVF, the greater performance errors found in the group of children with DCD may reflect their inability to well integrate feedback and feedforward strategies.
Additionally, we found that the group of children with DCD had no difficulties in reducing the number of joint/muscle-level degrees of freedom in order to achieve a common motor task. Our findings also suggest that while the group of children with DCD had difficulties in regulating multiple task-level kinetic variables independently, 16 they do no not appear to be differentially impaired when the number of joint/muscle-level degrees of freedom was increased in the same task.
